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FOREWORD 


This  final  report  was  prepared  by  K.  R.  Bilwakesh,  W.  A. 
Strauss,  and  R.  Edsa  of  thu  Department  of  Aeronautical  and 
Astronautical  Engineering  of  The  Ohio  State  University  on 
Contract  AF  33(615) -3775,  Project  3012,  Air  Force  Aero  Propul¬ 
sion  Laboratory.  The  research  on  this  project  wus  adralni stored 
under  the  direction  of  the  Air  Force  Aero  Propulsion  Laboratory 
with  Lt.  Wayne  A.  Zwart  as  project  engineer.  This  report  was 
submitted  by  the  authors,  February  1968. 
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SECTION  I 


INTRODUCTION 

Ramjets  are  being  considered  as  power  plants  for  hypersonic  aircraft., 
Because  of  structural  considerations,  the  high  stagnation  enthalpies  of 
the  air  with  respect  to  the  engine  precludes  the  energy  release  from 
combustion  in  a  subsonic  stream.  The  stagnation  pressure  losses  and  the 
difficulty  in  recovering  the  chemical  energy  from  highly  dissociated 
combustion  gases  make  the  ramjet  utilizing  subsonic  comhustion  very 
inefficient.  One  possible  solution  to  \.he  problem  is  tc  limit  the  reduc¬ 
tion  of  the  air  speed  through  the  engine  to  moderately  supersonic  levels 
so  that  the  static  pressures  of  the  gas  are  low  enough  to  satisfy  struc¬ 
tural  requirements.  The  fuel  is  then  added  to  this  supersonic  flow  of 
air.  This  schema  necessitates  mixing  and  burning  of  gates  which  are 
flowing  *»t  supersonic  .speeds.  Both  of  these  processes  are  extremely 
Important  since  they  must  be  accomplished  in  a  combustion  chamber  of 
reasonable  length.  The  present  study  pertains. to  the  combustion  process 
which  Involves  a  series  of  elementary  chemical  reactions,  each  of  which 
requires  a  finite  time  to  occur.  This  investigation,  as  a  part  of  a 
continuing  program,  deals  with  some  elementary  reactions  involving  the 
OH  radical.  The  decomposition  of  hydrogen  peroxide  served  as  a  aouroe 
of  the  OH  radical. 

The  important  chemical  reactions  occurring  in  tha  combustion  of 
hydrogen  with  oxygen  (or  air)  are  listed  below: 


(H-l) 

Ha  *  O2  -♦  H2-O2 

(R-8) 

•1 

'  0*  +  0 

(R-2) 

HaOa  +  M  -♦OH  +  OH  +  H 
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(R-5) 
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OH  +  OH  £  Ha  +  03 
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0 

+ 

0  4-  M  piOa  4-  M 

(R-7) 

OH  +  OH  J+HfitO  +  0 

(R-14) 

0 

4- 

OH  4-  M  <i  HDa  4- 

M 

Numerical  values  of  the  rate  constants  of  many  of  these  reactions 
are  given  in  Table  I.  The  initiation  reaction  of  the  oxidation  of  hydro¬ 
gen  is  listed  as  the  first  reaction  in  the  table.  The  activated  uampbax 
forwed  in  this  reaction  may  be  considered  as  an  unstable  form  of  hydrogen 
perod.de  which  represents  only  a  loose  association  complex  of  hydrogen 
and  oxygen.  The  decomposition  of  this  activated  complex  in  which  OH 
radicals  are  produced  is  of  great  Importance  to  the  overall  oxidation 
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Reaction 

R3  f 
S3  r 

R  4  t 
R4  r 


R5  t 
R5  r 


R7  t 
R7  *' 

R9  f  (M  -  Ha) 

(M  -  HaO) 
(M  ■  H) 

S9  r  (M  -  H*) 

(H  -  H*0) 
(M  -  H) 

RIO  f  (M  -  HrO) 
all  other* 
RIO  r  (,H  ■  HaO) 
all  other* 


Rll  f 
Rll  r 


R12  f 
R12  r 


■G 


TABLE  I 


Rate  Conat.  (cjn3/g’mol)(#K)(eec) 

6.3  x  1013  exp(-5900^) 

2.4  x  101*  exp (-20, 700/^’) 

2.4  x  1014  exp(-L6,750#T) 

3.2  x  10lx  T°‘47exp(-100^T) 

3.3  x  101*  exr(-7l40/KT) 

1.4  x  10* a  exp(-5190/>?T) 

7.5  X  Vjia  wqp(-1000/?fo) 

6.9  >:  ncy(-17,750/^T) 

9  x  iox®  T~x  ! 

1.9  X  1018  T"1 
2.0  X  10X8  T~x 

3.6  X  10x®  T"0,aa  exp (-103 » 200/tT ) 
1.1  X  10:8  T“0,na  *xp(-103,200^T) 
1.4  X  1018  T"0*®*  axp(-103,200/*T) 

1.8  x  io“*  r1-® 

0.45  X  10s*  T"X*B 

6.8  x  10®*  x*1,81  exp(-ll8,000/lHT) 

1.7  x  10*a  rx,w  «xp(-il3,000^T) 

6  x  10*4 

1.4  X  1014  T0,*X  txj>(-lQl,300/tfT) 

3  x  101® 

1  X  101®  T0*81  exp(-45»920/<fr) 


reite  of  hydrogen  a-!  non  the  OH  radical  ia  one  of  •die  moat  important  chai n 
branching  species.  The  rates  of  decomposition  of  hydrogen  peroxide  by 
the  "static  method."  at  low  pressures  (0.2  to  20  mm  Hg)  and  in  tho  temper¬ 
ature  range  of  573-873*K  have  been  measured  by  Qiguere  and  Liu.1  Their 
experiments  wore  conducted  in  clean  pyrex  or  vycor  glass  reaction  vessels 
and  the  reaction  rates  determined  from  the  change  in  gas  pressure  with 
time.  For  this  system  both  homogeneous  and  heterogeneous  decomposition 
reactions  occurred.  After  correcting  for  surfaoe  decomposition,  they 
reported  a  homogeneous  decomposition  rate  equation  as 


lc  "  1013  exp(-48,000/^Pr)soc"1  (l) 


Glguera  and  Liu  baaod  this  rate  equation  on  the  following  mechanism: 


(R-0)  HaOa  -*0H  +  OH 
(R-15)  OH  ♦  HaO*  -♦HaO  ♦  HQa 
(H-16)  H0a  ♦  H0a  ~*Ha0u  +  0a 
(H-17)  HOa  *  OH  -HfcO  +  Og 


The  authors  further  reported  that  the  rate-determining  step  in  this 
series  of  reaotious  is  reaction  number  (R-0)  because  of  ite  high  acti¬ 
vation  energy.  Although  active  radicals  are  involved  in  this  me  abaci  am, 
it  ie  obvious  that  it  docs  not  represont  a  chain. 

Satterfield  and  Stein7  also  etudied  the  decomposition  of  hydrogen 
peroxide  gas  by  passing  a  mixture  of  (HaOa  +  H»0)  through  a  heated  tube 
and  analysing  the  gases  at  the  Inlet  and  outlet.  The  enalyeie  was 
carried  out  by  rapid  quenching  of  the  simple  as  it  was  withdrawn  from 
the  tubs  and  analysing  the  condensate  with  standardised  permanganate 
solution.  Those  experiments  were  oarried  out  for  a  range  of  temperatures 
of  500-775*K  and  at  hydrogen  peroxide  partial  pressures  of  U.Q2  atmos¬ 
phere.  The  authors  reported  an  order  of  reaction  of  3/2  and.  an  activa¬ 
tion  energy  of  95,000  oal/mole.  They  postulated . thu  following  chain 
reaction  mechanism: 


Initiation  Ha°a  «,M-*QH  +  QH+M 


Chain  branching  oil  ♦  HgOa  -OiOa  +  HQa 

H0a  ^  }Ia°a  1'laO  +  09+  OH 
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UA'oiafta.u^ 


i  %i 

cvn  »•  1*1 


-  If  A  .1  *4 

- v  112^2  *  1*1 


OH  +  H0a  +  M  ->  0S  +  Hr Oa  +  M 
HOa  +.HOj»  +  M  -4He02  +  0a  +  M 

The  postulated,  three-body  chain-breaking  reactions  result  in  an  overall 
reaction  of  order  3/2  j  Which  agreed  with  their  experimental  data. 

Hoare  et  al.a  correlated  the  above  data  with  data  of  their  own 
(made  by  flowing  the  hydrogen  peroxide  and  a  carrier  gas  through  pyrex 
and  ailica  reaction  vessels,  cleaned  with  hydrofl\;oric  acid  and 
analyzing  the  ganca  at  the  entrance  and  exit).  The  analysis  in  this  case 
«U  carried  out  by  freezing  the  sample  with  a  liquid  air  cold  trap  and 
analysing  the  products  by  titration  with  0.01  N  acid  potassium  perman¬ 
ganate  solution.  Those  authors  studied  the  decomposition  rates  for  a 
temperature  range  of  51^t~932*K  and  reported  a  sooond- order  rate  constant 
equation  of 


fc  m  lO18*4 


exp 


lit 

mols-aec 


(2) 


for  the  reaction  (R-l).  The  reaction  rata  equation  given  above  applies 
to  the  case  where  M  is  also  hydrogen  peroxide  ar.d  the  overall  order  of 
tfcn  reaction  In  two. 

So  far  the  rate  constant  of  the  decomposition  of  hydrogen  peroxide 
is  known  only  at  teoQeraturea  up  to  approximately  900*K.  Air  for  the 
hypersonic  ramjet  will  probably  ^O^shocked  and  diffused  to  temperatures 
of  approximately  1500*K.  It  la  therefore  desirable  to  have  decomposition 
data  at  higher  temperatures  so  that  a  realistic  evaluation  of  the  over¬ 
all  combustion  prooesa  can  be  made.  The  study  of  the  mechanism  and  the 
reaction  rates  of  the  hydrogen  peroxide  decomposition  for  temperatures 
In  the  range  of  1000-lA00*&  have  been, Investigated  and  are  reported, 
herein. 


SECTION  II 


EXI'ERIMENTAL  PROCEDURES 

The  high  gas  temperatures  required,  for  the  experiments  were  obtained 
by  means  of  a  shock  tube  apparatus  whioh  is  shown  schematically  in  Fig.  1. 
In  addition  to  increasing  the  temperature,  the  shock  increases  the  specioa 
concentration  by  compressing  the  mixture.  The  shock  tube  used  was  a 
pressure-driven  type  having  a  driver  section  of  13  feet  and  a  driven 
section  of  23  feet.  Helium-air  mixtures  were  used  as  the  driver  gas 
while  hydrogen  per  oxide -argon  and  hydrogen  peroxide-nitrogen  mixture  j 
were  the  two  test  gas  mixtures  used.  The  two  sections  were  separated  by 
a  mylar  diaphragm. 

The  leak  rate  of  the  driven  section  of  the  shock  tube  (tost  section) 
was  less  than  1.5  microns  per  minute.  The  shock  tube  was  made  of  No.  3l6 
stainless  steel.  The  driven  section  was  lined  with  commercial  polyeth¬ 
ylene  well  casing  tubing  (Yardly  Plastics,  Golden  Jet  NST)  to  prevent 
HgOz  decomposition  while  stored  in  the  tube.  The  inside  diameter  cf  this 
tubing  is  1.5  Inches.  Heterogeneous  decomposition  of  hydrogen  peroxide 
stored  In  this  vessel  is  relatively  small. 

Passivation  of  the  tube  and  the  vapor  mixing  system  presented 
considerable  difficulty.  The  glassware  used  was  pyrex  and  the  tUblng 
was  teflon,  pyrex,  and  polyethylene.  The  glassware  was  passivated  by 
cleaning  first  thoroughly  with  double-distilled  water  and  then  lanerslng 
it  in  35%  sulphuric  acid  for  about  two  hours  at  room  temperature.  It 
was  then  cleaned  again  and  rinsed  thoroughly  with  doublo-dlstlJUod  water 
and  air-dried. 

The  connecting  tubings  of  teflon  and  polyethylene  were  cleaned  and 
rinsed  several  times  with  double-distilled  water.  These  and  the  glass¬ 
ware  did  not  present  any  serious  problems. 

The  shock  tube,  male  of  316  stainless  steel,  was  found  to  catalyse 
the  heterogeneous  decomposition  of  HaOa.  It  had  been  used  earlier  In 
other  experimental  work  and  hence  it  was  felt  that  the  Inner  surface 
might  have  been  corroded  by  other  gases.  Hence  the  inner  surfaoe  was 
honed  .and  .cleaned  later  with  alcohol  and  distilled  water.  This  traat- 
j»nt  did  not  reduoe  the  catalytic  effect.  Henoe  the  passivating  proce¬ 
dure  rooeszmended  by  the  manufacturers  of  HzOa  (Becco)  was  followed.  In 
this  method,  the  tube  was  completely  filled  with  70$  nitric  acid  solution 
and  left  for  seven  hours  at  room  temperature.  It  was  then  cleaned  with 
distilled  water  and  treated  with  a  3 Of,  solution  of  hydrogen  peroxide 
which  was  left  in  the  tube  for  shout  six  hours.  The  tube  vas  then  rinsed 
and  cleaned  again  with  distilled  water  several  times.  After  this,  tests 
wert,  oonducted  to  check  the  activity  of  the  surfaoe  of  the  tube.  It  was 
found  to  have  Improved  but  still  the  decomposition  war.  high.  Therefore, 
the  entire  passivating  preoess  was  repeated.  Another  series  of  tests 
lndlouted  at  this  stage  that  the  decomposition  was  still,  rather  high. 
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FIG.  1  APPARATUS  FOR  THE  STUDY  OF  REACTION 
KINETICS  BY  ABSORPTION  METHODS 


Next  a  hydrogen  peroxide  vapor- argon  mixture  was  passed  continuously 
through  the  tube  for  about  an  hour  arid  then  the  ends  were  closed  and  the 
mixture  allowed  to  remain  in  the  tube  for  10  minutes.  A  sample  test 
before  and  after  the  10-minute  fill  showed  that  about  50$  of  the  HaOa 
admitted  remained  after  10  minutes.  Teats  were  also  conducted  to  see 
whether  a  large  percentage  of  HaOa  was  adsorbed  on  the  walls  of  the  tube. 
This  test  consisted  of  passing  the  hydrogen  peroxide- argon  mixture 
continuously  through  the  tube,  the  tube  being  evacuated  on  the  other  end. 
Between  the  tube  and  the  pump  was  a  cold  trap  with  dry  ice  in  acetone  to 
freeze  out  HgOa  and  H2O.  An  analysis  of  the  condensate  showed  that  there 
was  no  adsorption,  while  documposition  occurred  as  before.  At  this 
stage  it  was  decided  to  use  a  polyethylene  insert. 

Cure  was  also  token  to  avoid  hydrogen  peroxide  decomposition  on  the 
surface  of  other  components  which  contacted  the  test  gas.  For  example, 
the  flow-throttling  valves  were  made  of  teflon,  the  flow-conducting 
lines  were  polyethylene  tubing,  the  test-section  window  flanges  were  made 
of  type  110  aluminum,  and  Kel  F-90  grease  was  employed  for  the  stopcocks. 
When  all  these  materials  were  employed,  the  surface  decomposition  of  the 
hydrogen  peroxide  for  the  total  time  to  fill  and  test  the  mixture  was 
always  less  than  1 5#  of  the  initial  concentration  of  hydrogen  peroxide 
admitted  into  the  test  section. 

In  order  to  obtain  the  reaction  rates  and  the  rate  constant,  we 
should  have  knowledge  of  the  temperature  and  pressure  behind  the  shook 
wave .  This  Is  measured  by  measuring  the  velocity  of  the  shook  wave  and 
theoretically  calculating  the  temperature  and  pressure  ratios  across  the 
shock.  Testa  were  run  to  check  the  attenuation  and  it  was  found  to  bo 
negligible. 

Shock  speed  is  determined  by  measuring  the  time  of  passage  of  the 
shook  wave  between  two  platinum  strip  thermal  gages.  The  resistance  of 
the  platinum  strip  Increases  when  subjected  to  a  temperature  increase 
and  this  initial  change  occurs  in  leas  than  one  mioroseoond.  The  plat¬ 
inum  strip  is  placed  In  one  branch  of  an  electrical  bridge.  Thus  a 
change  In  ita  resistance  on  arrival  of  the  shock  wave  will  cause  a  volt¬ 
age  drop  which  is  amplified  and  used  as  a  timing  pulse.  Referring  vo 
Fig.  1,  the  first  gage  starts  a  trace  in  an  oscilloscope  and  the  remaining 
two  probes  generate  deflections  of  the  trace  measuring  the  time  of 
raseuge  of  the  shock  wave  between  the  two  strips  placed  0.5  meter  apart. 

Initial  pressure  was  measured  by  a  mercury  manometer  with  fluorolube 
oil  on  top  of  mercury  to  prevent  immediate  oontaot  between  mercury  and 
hydrogen  peroxide.  The  manometer  was  cleaned  frequently  and  refilled 
with  fresh  meroury  The  pressure  was  cross-checked  with  a  Heise  guage 
and  it  was  found  that  there  was  no  difference  between  the  readings 
obtained  in  the  two  ways. 

The  absorption  of  U-V  radiation  (■*  2600  A)  by  the  heated  hydrogen 
peroxide  was  monitored.  Light  from  a  high- pressure  mercury  lamp  was 
transmitted  through  a  sapphire  window  (l  ma  x  5  mm)  and  the  test  gas 
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and  focused  on  the  entrance  slit  of  a  monochromator.  A  Perkin-Elmer 
Model  98  monochromator  was  used  to  isolate  the  particular  wavelength 
region  of  interest,  and  the  transmitted  light  was  focused  on  an  IP  28 
photomultiplier.  The  signal  output  from  the  photomultiplier  was  recorded 
on  an  oscilloscope.  Because  of  the  low  absorption  level  complied  to  the 
total  light  transmitted  at  the  monochromator  setting,  a  suppressed  aero 
was  obtained  by  applying  a  1.2  V  DC  potential  from  a  battery  to  the 
photomultiplier  signal  thereby  allowing  more  accuracy  when  evaluating 
the  data.  Detulls  of  the  relationship  between  light  intensity  and  hydro¬ 
gen  peroxide  concentration  are  given  in  Section  III  of  this  report. 

The  tost  gas  mixtiue  constituted  2  to  3%  hydrogen  peroxide  in  a 
carrier  gas  of  argon  or  nitrogen.  Commercial  helium- and  water- pumped 
nitrogen  gases  were  employed  as  carrier  gases  while  98$  liquid  hydrogen 
peroxide  vau  used  (supplied  by  the  Becco  Company).  Hydrogen  peroxide 
carrier  gas  mixtures  were  produced  (T  *  25 #C)  by  slowly  bubbling  the 
carrier  gas  at  the  rate  of  approximately  6  00/sec  (tube  conditions) 
through  a  porous  plug  which  was  completely  submerged  In  liquid  hydrogen 
peroxide  (approximately  30  oc).  The  mixture  whs  then  passed  into  the 
driven  section  of  the  shock  tube  to  a  test  pressure  of  4o  mm  mercury 
(Pig.  2).  The  initial  concentrations  of  hydrogen  peroxide  vapor  in  the 
gas  mixtures  were  sampled  prior  to  being  admitted  into  the  shock  tube 
and  near  the  test  windows  and  determined  quantitatively  by  the  Kingeett'B 
titration  procedure  (Appendix  II). 
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TO  A 


SCHEMATIC  FOR  PREPARATION  OF  TEST  GAS  MIXTURES 


SECTION  III 


METHOD  OF  ANALYSIS  AND  RESULTS  OF  THE  EXPERIMENTS 


ANALYSIS 

Based  on  available  hydrogen  peroxide  decomposition  data  below  900®K, 
Hoare  et  al.s  reported  that  hydrogen  peroxide  vapors  decompose  according 
to  the  following  second-order  chemical  reaction: 


HgOa  +  M  -4  011  +  OH  +  M 


(R-2) 


Thu  rate  equation  for  this  reaction  con  be  given  as 


-  AtgjSal  -  K[HaOa][M]  ,  (3) 


where 


Cm]  "  concentration  of  inert  species  M, 
k  «  rate  oonetant,  and 
t  *  time. 

Upon  integration  (the  concentration  of  M  can  be  coneldered  as  oonstant) 
we  obtain 


An  [Ha-^-3i.  -  k[M](t  -  tA) 
(HaOs] 


K^jcpCt  -  t^) 


(4) 


where 

(t  -  tj[)  ■  length  of  time  interval  gas  has  been  heated  in  shook  wave; 

(subscript  1  denotes  the  condition  Immediately  alter  passage 
of  the  shock  wave  (beginning  of  decomposition)),. 

Hydrogen  peroxide  absorbs  continuously  in  the  ultraviolet  in  the  region 
from  4000  to  2000  k.a  This  absorption  has  been  experimentally  obsorved 
by  different  authors0  but  the  potential  curves  at  the  excited  electronic 
levels  are  rot  clearly  known.  The  concentration  of  the  decomposing 
species  (HgO®)  is  related  to  the  intensity  of  the  absorbing  wavelength 
(~  2600  A  for  KgOa)  and  according  to  Beer's  lav  is  given  as 
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I  I0  cxp(-|i[C]L) 


(5) 


i 


whore 

I  “  inatantanooua  intcnaity  of  transmitted  light, 

Io  **  Intensity  of  transmitted  light  without  hydrogen  peroxide 
(zero  absorption), 
hi  ■  extinction  coefficient, 

L  ■  absorption  path  length,  and 
[c]  •  concentration  of  absorbing  apooita  0. 


The  value  of  n  hon  not  boon  dotormined  because  it  is  of  no  practical 
interest.  The  absorption  coofficiunt  |i  can  be  eliminated  if  we  ocenparo 
atcorption  intensitioa  at  two  different  concentrations  as  the  decomposi¬ 
tion  proceeds .  When  tin  concentration  of  the  hydrogen  peroxide  decreased 
to  the  value  at  which  the  difference  between  the  initial  Intensity  of 
the  transmitted  light  (li)  and  the  instantaneous  intensity  (l)  is  10$  of 
the  difference  between  the  zero  absorption  intensity  (l0)  and  the  Initial 
intensity  (li),  the  expression  of  the  rate  oonstsnt  as  given  in  Eq,  (4) 
becomes 


k[M] 


-*exp  " 


• 

I  r  1 

in 

■ 

in 

X, 

,nh. 

info. 9  +  0.1  ^ ) 

L  ii 

\  *1/ 

—  (t  -  tj) 

Oi 


whsrs  pa/px  is  the  density  ratio  across  ths  shock  wave.  The  density 
ratio  in  ths  denominator  of  Eq.  (6)  le  the  multiplication  factor  which 
converts  thr  timo  from  tlia  laboratory  referenao  to  the  ga*  roforsnos. 

This  oorrsctlon  was  nscesiary  to  uooount  for  the  fact  that  the  gassa  are 
in  motion  behind  the  shook  wave, 

This  nwy  be  understood  by  considering  the  passage  of  a  partiole 
tlirough  tho  shook  front  when  the  front  la  a  distance  d  from  the  observing 
point.  If  the  flow  vuicaivy  is  den j tod  by  Uj.  end  the  shock  velocity  by 
U,  then  the  particle  is  observed  at  u  time  d/Ua  after  it  passed  through 
the  front.  However,  tho  front  itself  arrived  at  a  time  u/U  so  that  ths 
difference  in  arrival  time  between  the  shook  front  and  the  particle 
(i.o. ,  the  laboratory  time)  is  d/u a  -  d/u.  The  partiole  timo,  tp,  is 
than  related  to  tho  laboratory  timo  ti,  by 
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22  -  .  -  _u _ „  2i  .  £* 

i _ d  U  -  u2  v>a  pj_ 

U2  u 


.  Thrt  evaluation  of  Eg.  (6)  was  baaed  r..iiy  on  the  first  10%  of  the  decom¬ 
position  to  justify  the  assuaptS oh  of  .a "constant  temperature  during  the 
..  deodsqjqisitloo  and  alec  to  uxsmiua  the  ini tJ  sting  step  in  the  decomposition 
neeheaiem. 

Vlifl  experimental  data  wire  evaluated  by  first  calculating  the  condi¬ 
tions  behind  the  normal  shook  on  the  beala  of  a  thermally  perfect, 
hbareaotlng  gas.  The  ratio  of  intenaltiea  ond  tlw  time  to  decompose  the 
first  10%  of  hydrogen  peroxide  (lab  scale)  were  obtained  from  the 
oscilloscope  trace  VtLtoh  showed  tho  int&nsity-vsraujs-timo  relationship. 
Substitution  of  the  so  data  into  Eq..  ('0  gav*  the  value  of  Wn.  The 
actual  decomposition  rate  constant  (k)  i«  than  obtain^/ fromt, he  experl - 
aantal  rate  constant  by  dividing  the  letter  by  the  cohctntfaliion  of  the 
inert  species  (N). 


RESULTS 

^Vpical  axpariaental  data  showing  the  relative  decoapoaltica  rate 
«f  hydrogen  peroxide  at  high  temperature*  and  in  oollialon  with  krgon 
and  nitrogen  are  given  in  Mg.  3  .  The  shook  speed,  tha  tewporaiure 
behind  the  shock,  and  othar  data  pertiasnt  to  these  experiments  are  listed 
In  this  figure,  A  total  of  11  experimental  reta  constant  value*  over  a 
temperature  range  from  1220  to  13?C*K  wore  date  mined  for  tho  deaomposi- 
tion  of  hydrogen  peroxide  In  collision  with  nitrogsn  molecules,  m 
collision  with  argon,  1?  experimental  rates  were  datemlned  over  a  tem¬ 
perature  range  from  1330  to  KjOO^K.  Results  of  these  sec  onit*  order 
reaction  rate  data  aro  plottad  in  Fig,  4  ,  Also  plottsd  in  this  figure 
are  the  consolidated  data  reported  by  Hoare  for  the  rata  constants 

of  the  hydrogen  peroxide  for  e  lower  range  of tamper  at  me  a, ,  if  we  assume 
that  the  rets  constant  given  by  an  expression  of  the  form 

k  "  \  axp  L  , 

y  v\T  /mole- seo 


then 


in  k  -  in  A  -  ■  . 


•  i 
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Thus  f  plot  of  1,/T  va  in  k  should  produce  a  straight  line,  the  elope  of 
vhleh  la  -Uaot^f.  Using  a  ’'loast-meon-squaro1'  (Appendix  III)  technique 
for  da  to raining  the  equation  of .  tho  lino  passing  through  the  data  points, 
the  following  equations  wore  obtained: 


Argons 

;\dr  ^ ii'%6k'r .  isxp(-  '^y^^cn3/ttDla','aQ0 

(7) 

•  i 

Nitrogen: 

h^,  -  a,i?si5  x  x&*  **” 

(0) 

As  notod  in  the  eUttve  equations ,  the  aab.  vctlotv energies  for  argon  end 
nitrogen  as  the  uarrior  .gae'ee  store  calculated,  to  he>H9,B00  and  33,300 
cal/ssol  respectively  ,  The  'motivation  <W*$v  report*!  by  Hoare  at  el.* 
at  lover  temperatures  for  nitrogen  inert  gua'caM '  mac  1+0,000  oiu/anl. 


Experiment a  were  conducted  to  establish  the  rate  of  formation  of 
hydroxyl  (OH)  during  the  Initial  phase  of  tjhr  decowjidcitlGn  of  hydrogen 
peroxide.  Jfcr  correlating  this  infofmation  with  ttu  initial  decomposition 
rate  of  hydrogen  peroxide  it  la  possible .  llo  establish  the  exact  initia¬ 
tion  reaotlon  of  the  hydrogen  peroxide  de<j-anpuei\ilojo.  "-the  experimental 
procedure  for  these  experiment  a  wee  essentially1  seme  as  outlined 
shove  uxoept  that  th  -  OH  redioal  concentration  uai  i?  he  aetabllshed 
from  the  3064  A  band  emission  apecitra.  The  contract  period  owe  to  an 
end  before  suffloinnt  data  could  bo  obtained  to  «urrivw!  at  any  conclusion. 


SECTION  TV 


DISCUSSION  OP  RESULTS 

Dm  Strut  step  in  the  the  mail  decomposition  of  hydrogen  peroxide  is 
Oattaiderei  to  btf  Che  following  enlothemic  seoond-order  chemical  reaction:8 


HaOa  +  M  -»  OH  +  OH  *  M  .  (R-2) 


Since,  for  the  present  studies,  the  concentration  of  the  inert  species 
(argon  or  nitrogen)  in  the  teat  gao  usually  exceeded  97%  of  the  total, 
it  m«  assured  that  the  hydrogen  peroxide  ooUlsion  partner  (M)  was  the 
.inert  species. ■,  Bipoe  the  fraction  of  the  reacting  species  used  in  the 
experiments  was  vary  «*U,  the  change  in  the  reaction  temperature  vas 
uegliglbly  snail. 

The  assumption  of  the  hydrogen  peroxide  decomposition  reaction 
(*qo  H-2)  as  postulated  by  Hoar  at  ol,9  was  based  on  the  acoepted  struc- 
tiw  of  the  hydrogen  peroxide  acleouSe . 9  The  structure  can  he  represented 
disgr— stlqaUy  as  shown  in  the  sketoh  below. 


The  dsocMp^sitSon  at  the  hydrogen  peroxide  oan  occur  in  one  of  two  ways. 


(a)  Breakage  of  the  brad  between  the  two  oxygen  atoms.  This 
reaction  require*  an. energy  of  52,000  oal/ip^To  and  results 
in  two  hydroxyl  (OH)  radicals. 

•  i  *  1 

(b)  Breakage  of  the  bcrjtul  between  a  hydrugun  and  an  oxygen 
atenu  This  reaction  requires  an  energy  of  '>0,000  oal/ 
male8  and  yields  rt»>  H  utnm  and  an  H0a  radical. 


\6 


it  'rm.'i'*  ui»  eeSJeu 


Because  of  the  great  difference  between  these  two  activation  energies  the 
more  probable  dissociation  3s  the  breakage  of  the  bond  between  the  two 
oxygen  atoms*  Other  theoretical  decomposition  reactions  such  as 


IHsOn  t  M  -4  HrO  +  ^Og  +  M 
H20g  +  M  -» H  +  H _  +  0fl  +  M 
HaCfe  +  M-*Ha  +  0+  0+  M 
Hg02  +  M-»H  +  H  +  0+  0+  M 


csn  also  be  ruled  out  because  of  energy  considerations.  Some  experimental 
evidence  was  obtained  (Appendix  I)  to  support  the  theory  that  hydrogen 
peroxide  decomposes  indeed  into  two  OH  rwlloalo. 

From  the  ‘experimental  hydrogen  peroxide  decomposition  rate  constants , 
as  shown  in  Fig.  4 ,  it  is  seen  that  the  activation  energy  ranges  from 
49,800  to  53 1 000  cal/mole.  Ibis  value  agrees  reasonably  well  with  that 
reported  by  Ho  are  ot  al.a  mho  calculated  the  activation  energy  aa  48,000 
cal/mole  from  data  over  a  lower  (500-900*K)  temperature  range.  This 
value  alec  agrees  Quite  veil  with  the  energy  required  to  break  the  band 
batsmen  the  two  oxygen  atoms  la  the  hydrogen  peroxide  role  cube. 

As  seen  in  Fig.  li,  the  hydrogen  peroxide  decomposition  rate  constants 
with  nitrogen  as  the  collision  partner  are  about  6-7  times  larger  than 
those  with  argon  as  the  collision  partner.  Ho are  et  al.#  have  reported 
that  nitrogen  was  about  twice  as  effective  as  heliuu  at  temperatures  from 
■JOO-JCO'K.  Slnoa  for  the  present  temperature  range  of  1100-1300*1:  for 
the  nitrogen  studies,  rotational  end  vibrational  modeo  may1'  also  oooferlbute 
towards  energy  transfer,  it  is  reasonable  to  assume  that  the  reaction 
rate  oonetaate  will  bt  somewhat  higher.  Argon  is  expected  to  be  more 
efficient  than  helium  as  a  ooiliiloa  partner  end  this  ashes  the  eflloieocy 
of  nitrogen  relative  to  helium  even  higher  than  the  factor  of  •C  or  7 
obtained  with  ergon.  At  the  present  tine  it  la  felt  that  more  investi¬ 
gations  may  have  to  be  undertaken  before  any  definite  conclusions  may  be 
drawn  relative  to  this  point. 


17 


APPENDIX  I 


A  chemical  reaction  vhich  may  be  of  importance  in  the  chain  reaction 
of  the  hydrogen- oxygon  uombuntlon  process  is  the  dissociation  and  recom¬ 
bination  of  the  OH  radioo!,  This  reaotion  may  be  written  as 


OH  +  MgO+H  +  M  .  (R-.C) 


Because  of  difficulty  in  obtaining  free  hydrogen  and  oxygen  ntomo,  data 
on  the  ratr  constants  of  tlia  ro combination  reaction  (0  +  II  *  M  —*011  M) 
are  not  aval. lab le . 0  Therefore,  the  rate  of  disappearance  of  the  OH 
radical  In  the  ahooked  gas  van  measured  at  temperatures  of  from  2700  to 
4£00*K.  The  decomposition  of  tUet  hydrogen  peroxide  at  these  temperatures 
occurred  in  times  less  than  1  useo.  The  disappearance  of  the  OH  radical 
was  determined  by  monitoring  its  ultraviolet  emission  in  the  spectral 
range  from  3064  to  3090  A.  This  emission  corresponds  tc  the  (0,0)  band 
of  the  A*T  -  X*«  electronic  transition  of  the  OH  moleoule. 

In  the  analysis,  the  following  six  reactions  involving  the  OH  apeoiun 
were  considered: 


OH  +  Ha  ♦S’HsO  +  H 

(R-II) 

H  +  Qa  £  OH  +  0 

(B-m) 

0  +  Ha  t*GK  ♦  H 

(H-IV) 

OH  +  OH  liHaO  +  0 

(R-V) 

H  +  OH  +  M0HaO  +  M 

(R-VI) 

0  +  H  +  M0OH  +  M 

(R-vn) 

The  rates  for  all  but  the  last  of  these  obsndoeJ  reactions  vers  obtained 
from  Haakon  and  Browns0  (also  see  Table  I).  Estimates  of  the  ratoe  for 
reaction  R-VII  were  made  by  the  following  method t 

The  dissociation  energy  of  OH,  HC1,  and  Ha  t>re  101.36,  102.2  and 
103.26  oal/oole,  respectively.  The  mass,  vibrational  frsqusnoy,  and 
dipole  moment  of  OH  fall  between  the  values  of  Ha  and  HOI.  Hence,  it  is 
reasonable  to  assume  that  the  rate  constant  for  the  reaction 
OK+M-*0  +  H  +  M  would  have  a  value  between  those  involving  %  and  13C1. 
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By  *10 ana  oi'  an  oxtri'.polution  (Fig,  5)  tha  latter  reaction  rate  oan 
bo  approximated  &o 

itvn  M  9  x  io«  •*!>(-  87,000^)52^5-  . 

.1 

Using  the  reported  and  estimated  values  oi'  reaction  rates  for  tha  system 
of  reactions  given  above  i  the  variation  of  the  OH  concentration  with  time 
was  calculated  for  various  initial  concentration*  of  UaOtt ,  lfyo,  and  argon. 
It  was  assumed  that  at  thu  start  (immediately  behind  the  shock  wave)  the 
hydrogen  peroxide  deao.ojjosod  into  two  OH  radicals,  The  oonoentrations  of 
0,  Oa,  11,  Ha,  H»0,  und  OH  worn  aalaulabcjKl  for  tho  system  of  reactions  in 
time  inoramento  of  0,1  Msec.  Jha  variation  of  tha  OH  ooncontrution  with 
time  was  plotted  and  coopered  with  the  experimental  OH  decay  rate  data; 
the  agreement  was  satisfactory,  Also.,  tha  rata  constant  R-VII  was 
varied  over  a  wide  range  of  values  srvd  the  OH  decay  rata  waa  oaloulated 
for  each  of  thaoo.  These  rates  wars  found  to  be  independent  of ,  the  value 
of  R-VII*  This  study  dearly  shows  that  the  reaction  0  ♦  11  +  M  -*0H  *■  M 
does  not  oontrihuto  noticeably  to  the  above  system  of  reaotlons  under  the 
oondltione  ixrreetigated. 

••  i\ 

From  the  results  available  so  far,  there  lu  strong  reason  to  believe 
that  the  decomposition  of  hydrogen  peroxide  can  be  vend  as  a  sour os  of  OH 
radicals  for  any  further  study.  Further  studies  should  be  undertaken  to 
confirm  this  by  observing  the  formation  of  Oil  radicals  funs  the  decom¬ 
position  of  hydrogen  peroxide, 

A  literature  survey  was  aado  to  explore  the  possibility  of  detecting 
radiation  emitted  by  the  HOa  radios!  in  the  infrared  region  1*  the  shook 
tube  during  the  decomposition  of  hydrogen  peroxide.  The  difficulties 
enoountered  in  this  study  were  beyond  the  scope  of  time  mud  finanoJM 
resources  of  tha  contract. 


APFRXDIX  II 


TITRATION  PROCEDURE4 


Required:  0.1  N  Na2Sa03  solution 

18  N  Ha SO* 

KI  solution  made  up  by  dissolving  2  mg  oi*  KI  in  200  ml 
di.itilled  water. 


Procedure :  The  sampling  flack  with  a  capacity  of  1  liter  ia 

connected  to  tha  shock  tube  and  evacuated  along  with 
the  tube  and  later  filled  with  the  hydrogen  peroxide 
vapor  -  argon  mixture  as  ia  the  tube. 

Tho  f'laak  is  now  removed  and  10  cc  distilled 
water  added  to  it  to  dissolve  al1  the  gases  in  it. 

To  200  cc  of  the  prepared  KI  solution  la  added 
30  cc  of  tho  18N  HaSO*  and  to  this  is  added  the 
contents  of  the  sampling  flaok.  This  mixture  ia 
otirred  well  and  let  stand  for  five  minutes  and  then 
titrated  against  the  NaaSa03  solution  using  starch 
as  needed. 

Calculations :  ■ 

1  liter  of  0,1  NaaSaOa  -  2^ 


■  1,7008  gm  of  iiaOs* 

Let  X  cc  of  NauBaOq  be  used  for  titration.  Then 


moloe  of  HaOa  preaent  » 


1000  x  34 


Total  number  of  moles  of  UaOa  and  argon 


IM 


_ Pj _ 

atmospheric  pressure 


1000 

82.05  x  300 


Pram  this,  percentage  of  HgOa  by  weight  is  calculated. 
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